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Introduction
The major constraint of conventional chemotherapy for cancer treatment is the lack of specificity of cytotoxic drugs. This constitutes a serious threat to healthy tissues, resulting in a significant decrease of the efficacy and provoking the apparition of side-effects in the patient associated to systemic toxicity [1] . The emergence of nanotechnology has transformed this scenario owing to the development of nanocarriers for therapeutic agents [2] . Particularly, in the last two decades much research effort has been devoted to build nanocarriers for tumor-targeted stimuli-responsive drug delivery [3] [4] [5] [6] [7] .
Among nanocarriers, mesoporous silica nanoparticles (MSNs) are receiving growing interest since they exhibit unique properties such as large surface areas and pore volumes, which provide high loading capability, customized sizes, morphology and pore diameters, robustness and easy functionalization [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Moreover, they exhibit low cytotoxicity [20] and good hemocompatibility [21] . These features provide exceptional opportunities to host different therapeutic payloads. Hence, the tunable surface of MSNs chemistry allows the attachment of organic functionalities such as pore blocking agents to avoid premature cargo release, or targeting ligands to guide MSNs towards diseased tissues.
In this sense, during the last few years, a wide range of stimuli-responsive drug delivery systems, achieving release profiles with spatial, temporal and dosage control have been reported [4, 15, 17] .
The performance of these smart nanosystems relies on triggering drug release at the target site by using moieties that are sensitive to external stimuli (light, magnetic fields, electric fields, ultrasounds, etc.) [22] [23] [24] [25] [26] [27] [28] [29] [30] , internal stimuli (variations in pH, redox potential, or the concentrations of enzymes or specific analytes) [31] [32] [33] [34] [35] [36] , or combination of both [37] . However, the side effects in 4 most of these nanosystems cannot be disregarded in practice because these particles frequently lack of specific cancer cell targeting capability and can be also internalized by normal cells. In the last decade, considerable research effort has been committed to develop tumor-targeted stimuliresponsive drug delivery systems. Although diverse targeting ligands, such as transferrin [23, 35, 38] , certain peptides [39] , hyaluronic acid [40, 41] , or folic acid [31, 42] , have been incorporated into stimuli-responsive MSNs, the development of highly selective and efficient tumor-targeted smart drug delivery nanodevices remains a tremendous challenge. Among the different antitumor drugs, doxorubicin (DOX) is receiving great attention because it is commonly used in the treatment of many types of cancer [43] , including osteosarcoma bone tumors [44] . In this sense, much research effort is being devoted to design smart DOX-loaded MSNs aimed at overcoming the main limitation of conventional administered DOX in chemotherapy, i.e. its significant systemic toxicity [23, [45] [46] [47] [48] [49] [50] [51] . However, to the best of our knowledge, none of them incorporates stimuli-responsive DOX release and targeting elements to distinguish between healthy and tumor bone cells for the efficient development of targeted bone cancer therapies.
Herein we have designed and developed a multifunctional nanodevice based in DOX-loaded MSNs acting as nanoplatforms for the assembly of different building blocks: i) a pH-sensitive layer consisting in polyacrylic acid (PAA) anchored to the MSNs surface via an acid-cleavable acetal linker. [52] .PAA was used as pore blocking agent due to its good properties such as biocompatibility, hydrophilicity and abundance of carboxylic groups prone to experience easy functionalization [53] ; and ii) a targeting ligand, the lectin concanavalin A (ConA) grafted to PAA, to increase the selectivity of the nanocarrier towards cancer cells and preserve the viability of healthy cells. ConA was chosen as targeting ligand owing the capability of this plant lectin to selectively recognize and bind to cell-surface glycans, which are frequently overexpressed in cancer cells [54, 55] .
The pH-responsive drug delivery performance of the nanosystem was evaluated "in vial" using [Ru(bipy) 3 
Materials and Methods

Reagents
Tetraethylorthosilicate (TEOS, 98%), n-cetyltrimethylammo-nium bromide (CTAB, ≥ 99%), sodium hydroxide (NaOH, ≥ 98%), ammonium nitrate (NH 4 NO 3 , ≥ 98%), sodium carbonate (Na 2 CO 3 , ≥ 99,5%), hydrochloric acid (HCl, 37%), fluorescein 5(6)-isothiocyanate (FITC, ≥ 98%), 3000F instrument operating at 300 kV, equipped with a CCD camera (JEOL Ltd., Tokyo, Japan).
Sample preparation was performed by dispersing in distilled water and subsequent deposition onto carbon-coated copper grids. A 1% PTA solution (pH 7.0) was used as staining agent in order to visualize the organic coating around MSNs.
To determine the evolution of the size and surface charge of nanoparticles by dynamic light scattering (DLS) and zeta (ζ)-potential measurements, respectively, a Zetasizer Nano ZS (Malvern Instruments, United Kingdom) equipped with a 633 nm "red" laser was used. DLS measurements were directly recorded in ethanolic colloidal suspensions. ζ-potential measurements were recorded in aqueous colloidal suspensions. For this purpose, 1 mg of nanoparticles was added to 10 mL of solvent followed by 5 min of sonication to obtain a homogeneous suspension. In both cases, measurements were recorded by placing 1 mL of suspension (0.1 mg mL -1 ) in DTS1070 
Synthesis of pure-silica MSNs (MSN)
Bare MSNs, denoted as MSN, were synthesized by the modified Stöber method using TEOS as silica source in the presence of CTAB as structure directing agent. Briefly, 1 g of CTAB, 480 mL of H 2 O and 3.5 mL of NaOH (2 M) were added to a 1,000 mL round-bottom flask. The mixture was heated to 80 ºC and magnetically stirred at 600 rpm. When the reaction mixture was stabilized at 80 ºC, 5 mL of TEOS were added dropwise at 0.33 mL min -1 rate. The white suspension obtained was stirred during further 2 h at 80 ºC. The reaction mixture was centrifuged and washed three times with water and ethanol. Finally, the product was dried under vacuum at 40 ºC. The surfactant was removed by ionic exchange by soaking 1 g of nanoparticles in 500 mL of a NH 4 NO 3 solution (10 mg mL -1 ) in ethanol (95%) at 65 ºC overnight under magnetic stirring. The nanoparticles were collected by centrifugation (9,000 rpm, 15 min), washed twice with water and twice with ethanol and dried under vacuum at 40 ºC.
For cellular internalization studies fluorescein-labeled MSN were synthesized. For this purpose, 1 mg FITC and 2.2 µL APTES were dissolved in 100 µL ethanol and left reacting for 2 h. Then the reaction mixture was added with the 5 mL of TEOS as previously described.
Functionalization of MSN with carboxylic acid groups (MSN COOH )
With the aim of preferentially grafting carboxylic acid groups to the external surface of MSN, functionalization was carried out in MSN before being submitted to the surfactant extraction process [56] . Thus, 500 mg of CTAB-containing MSN were placed in a three-neck round bottom flask and dried at 80 ºC under vacuum for 24 h. Then, 125 mL of dry toluene was added and the flask was placed in an ultrasonic bath for several sonication cycles of 5 min until a good nanoparticles suspension was achieved. After that 300 µL of TEPSA were added, keeping the reaction under nitrogen atmosphere at 90 ºC for 24 h. Next, 40 mL of slightly acidified water were added in order to hydrolyze the succinic groups to carboxylic acid groups [57] . The nanoparticles were collected by centrifugation, washed three times with ethanol and dried under vacuum at 40
ºC. For deep characterization of this carboxylic acid MSNs, the surfactant removal was accomplished by solvent extraction as above mentioned, affording MSN COOH .
Functionalization of MSN with a pH-cleavable linker (MSN ATU )
First, 300 mg of MSN COOH was suspended in 50 mL PBS 1x and subjected to several sonication cycles of 5 min until a good suspension was achieved. Then, 480 mg of EDC and 180 mg of sulfo-NHS was added and stirred for 30 min. After that, the grafting of ATU to the surface of surfactantcontaining MSN COOH was attained by adding 2 g of ATU to the suspension and the mixture was reacted overnight. The product was filtered, washed with water and the surfactant removal was then carried out, affording MSN ATU . This sample was left to dry under vacuum at 40 ºC.
Capping of MSN with PAA (MSN PAA )
The first step was to investigate the amount of acid-sensitive polymer that led to the most effective and uniform coating while avoiding nanoparticles aggregation. With this goal in mind 10 mg of MSN ATU was suspended in 1 mL PBS (10 mM). Then 0.36, 3.6 or 36 µL PAA was added to the suspension and the resulting PAA-coated MSNs were characterized by TEM and their molecule release performance was preliminary evaluated "in vial", as it will be described below. The most effective and most uniform coating (Fig. S1 , Supporting Information) and the best preliminary release behavior (results not shown) were achieved for the lowest polymer amount, i.e. 0.36 µL.
Thus, this amount was chosen to synthetize PAA-coated nanoparticles, named MSN PAA .
ConA grafting to MSN PAA (MSN ConA )
The covalent conjugation of ConA to MSN PAA nanoparticles was acomplished using a well-known and widely reported procedure, via carbodiimide chemistry, whereby the amine of the protein forms and amide bond to the carboxylated nanoparticle, affording MSN ConA [58, 59] . The amount of [Ru(bipy) 3 ] 2+ or DOX loaded in nanoparticles was determined from the difference between the fluorescence measurements of the initial and the recovered filtrate solutions in the step previous to ConA grafting. In both cases, two different calibration lines (one at each tested pH) were performed to eliminate the contribution of nonspecific release by pH effect. 
"In vial" cargo release assays
Cell cultures
Cell culture tests were performed using the well-characterized mouse preosteoblastic cell line ºC in a humidified atmosphere of 5% CO 2 , and incubated for different times. Some wells contained no nanoparticles as controls.
Cell viability
Cell growth was analyzed using the CellTiter 96® AQueous Assay ( that allows its combination with MTS to form a stable solution was added to each well and incubated for 4 h. The absorbance at 490 nm was then measured in a Unicam UV-500 UV-visible spectrophotometer (Thermo Spectronic, Cambridge, UK).
Flow cytometry studies
MC3T3-E1 and HOS cells were cultured separately in each well of a 6-well plate. After 24h, the cells were incubated at different times in the absence or presence of the tested nanoparticles (100 µ g mL -1 ). After 2 h, cells were washed twice with PBS and incubated at 37 ºC with trypsin-EDTA solution (Sigma-Aldrich) for cell detachment. The reaction was stopped with culture medium after 5 min and cells were centrifuged at 1,000 rpm for 10 min and resuspended in fresh medium. Then, 
Fluorescence microscopy
Cells were incubated with the MSNs (100 µg mL 
Measurement of sialic acid levels
The contents of the resulting free N-acetylneuraminic acid were measured using a sialic acid (NANA) fluorometric assay kit (BioVision Inc., Milpitas, CA, USA) according to the manufacturer's instructions, followed by detection and analyses UV-visible. This kit utilizes an enzyme coupled reaction in which free sialic acid is oxidized resulting in development of Oxi-Red probe to give absorbance (OD = 570 nm).
Statistical analysis
Results are expressed as mean ± SEM. Statistical evaluation was carried out with nonparametric Kruskal-Wallis test and post-hoc Dunn´s test, when appropriate. A value of p<0.05 was considered significant.
Results and Discussion
Preparation and characterization of the nanosystems
Scheme 1 illustrates the different synthetic steps carried out in this work with the aim of assembling the different building blocks in to the DOX-loaded MSNs aimed at developing the final multifunctional nanodevice for antitumor therapy. It should be remarked that this is a simplified depiction that does not take into account that, during the first synthetic stages, the incorporation of organic functions takes place not only on the external surface, but also on the internal surface of the nanoparticles, as concluded after materials characterization (vide infra). 14 FTIR spectra evidence the successful functionalization stages of MSN, since vibration bands corresponding to the grafted chemical groups are observed (Fig. 1 [64] and the presence of a well-defined signal at 175 ppm indicates that ATU was covalently attached to MSN COOH by an amide bond. When the polymer is attached onto the surface the two distinct peaks of pure PAA, are observed: one appears at around 40 ppm and another at 181 ppm [65] . The former is the methine and methylene carbons, and the latter is the carboxyl carbon. Low-angle XRD patter of MSN display four resolved peaks that can be indexed as 10, 11, 20 and 21 reflections of a well-ordered 2D-hexagonal structure with p6mm plain group typical of MCM-41 ( Fig. 2) . Nonetheless, the intensity of such peaks XRD patters of MSN PAA notably decreases, even disappearing that assigned to 21 reflection, whereas those of MSN ConA exhibit a unique weak signal that can be assigned to 10 reflection.
These experimental results could be related to a loss of mesostructural order due to the PAA and ConA grafting processes in samples MSN PAA and MSN ConA , respectively. However, it has been widely reported that it is not easy to detect alterations in the crystal structures exclusively from powder XRD [66, 67] . Actually, the disappearance of the signals in XRD patterns of coated nanosystems may be also attributed to the effective filling of the mesopore channels by PAA and ConA, as it has been previously reported for MSNs coated with gelatin and decorated in the outermost surface with folic acid as targeting ligand [31] . This fact would be in good agreement with the results derived from N 2 adsorption porosimetry discussed below, where a decrease in the textural properties of these nanosystems occurs owing to the organic matter incorporation.
Moreover, this statement is in agreement with HRTEM studies of the different samples, where the preservation of the well-ordered 2D-hexagonal structure can be clearly observed, vide infra.
As expected, the textural parameters of nanoparticles (mainly surface area, pore volume and pore diameter), derived from N 2 adsorption porosimetry experiments, experience a significant decrease with increasing surface decoration ( Table 1) . N 2 adsorption-desorption isotherms are of type IV corresponding to mesoporous materials (Fig. S4, Supporting Information) To acquire information regarding the mean size and surface charge of the nanosystems, dynamic light scattering (DLS) and ζ-potential measurements were recorded (Fig. 3, top left) . The mean hydrodynamic sizes determined by DLS were found to be 180 nm, 220 nm and 260 nm for MSN, MSN PAA and MSN ConA , which, as expected, are slightly higher than those estimated from TEM images. This fact is explained because DLS provides the mean diameter of nanoparticles with a solvation layer [68] , whereas TEM shows the size in a dry state [69] .
ζ-potential measurements in water of the different nanoparticles showed notable variations in the superficial charge ( When comparing the results obtained in protein-free PBS media (Fig. 4.A) with those in proteincontaining media (Fig. 4.B) , the more remarkable aspects concern both the modification in the molecule release profiles and the maximum amount of released cargo. The results obtained in complemented α-MEM point to the coverage of the nanoparticles by a series of proteins from 10%
FBS through a process called "protein corona effect" [71] . The formation of a "protein corona"
onto the surface of the nanoparticles can shield the nanocarriers, thus partially blocking the mesopore entrances and, consequently, altering the cargo release profiles [72] . Herein, the protein corona would be significantly reducing the burst effect and provoking a more-sustained release of the entrapped [Ru(bipy) 3 ] 2+ than in protein-free PBS media.
In vitro biological evaluation
Once MSN ConA sample was deeply characterized and its pH-sensitive drug release capability was proved "in vial", we proceeded to investigate its in vitro performance as selective drug delivery and HOS cells in contact with (100 µ g mL -1 ) for 2 h (Fig. 5) . After 2 h of cell culture, MSN ConA internalization and fluorescence intensity in HOS cells significantly increase compared to MSN PAA , and they are always higher than those in MC3T3-E1 cells.
The cellular uptake results obtained by flow cytometry were also confirmed by fluorescence microscopy using fluorescein-labelled nanoparticles after 2 h (representative images in Fig. 6 ).
The highest amount of internalized nanoparticles corresponds to MSN ConA ones after being in contact with HOS osteosarcoma cells. Notice that, in this case, there is a perceptible variation in the morphology and disposition of actin filaments, which make us hypothesizing that those cells may be in a preapoptotic state (Fig. 6 ). This finding could be attributed to some cellular damage that ConA may be exerting in HOS cells (see Fig. S6 , Supporting Information), as reported in the literature for various cancer cell lines [73] [74] [75] . Nonetheless, no significant cell viability decrease has been observed during cytotoxicity assays by MTS for MSN ConA concentrations up to 144 µg mL -1 (Fig. S7 , Supporting Information). (Fig. S8, Supporting Information) .
Conclusions
In this work we have developed a multifunctional nanodevice featuring selectivity towards human osteosarcoma cells and pH-responsive antitumor drug delivery capability. The synergistic combination of both properties into a unique nanosystem produces an amplification of the antitumor efficacy.
This innovative nanodevice is based in DOX-loaded MSNs nanoplatforms where different building blocks are assembled: i) a PAA polymeric shell, anchored via an acid cleavable linker, to prevent premature cargo release and provide the nanosystem of pH-responsive capability; ii) a targeting ligand consisting in the lectin ConA grafted to PAA, to increase the selectivity towards cancer cells whereas significantly preserving the viability of healthy cells.
In vitro assays reveal that the internalization degree of lectin-conjugated nanosystems into human osteosarcoma cells is 2 times higher than in human preosteoblastic cells. Moreover, only very small DOX concentrations (2.5 µ g mL -1 ) are needed to attain ca 100% antitumor efficacy against osteosarcoma cells compared to healthy bone cells, whose viability is preserved. Moreover, the antitumor effect is increased up to 8-fold compared to that caused by the free drug.
These outcomes prove that the synergistic assembly of different building blocks into a unique nanoplatform increases antitumor effectiveness and decreases toxicity towards healthy cells, which constitutes a new paradigm in targeted bone cancer therapy.
Apendix A. Supplementary data
Supplementary data associated with this article can be found in the online version. 
